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transceive	 surface	 RF	 probes	 (CRPs),	 but	 strong	 B1	 inhomogeneities	 hinder	










and	 overlaid	 on	 in	 vivo	 1H-	MR	 images.	 Computed	 concentration	 uncertainty	
maps	using	Monte	Carlo	simulations	served	as	a	measure	of	performance	of	the	
B1	corrections.
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1 |  INTRODUCTION
Fluorine-	19	(19F)	MRI	shows	promise	in	several	biomed-
ical	 applications.1–	3	 However,	 19F-	MRI	 suffers	 from	 low	





have	 introduced	a	paradigm	shift	 in	preclinical	 imaging,	







Quadrature	 CRPs	 are	 typically	 single-	tuned	 for	 X-	
nuclei,8	 since	 dual-	tunable	 capabilities	 would	 require	
electromagnetic	decoupling	between	coil	elements,14–	16	de-
grading	signal	sensitivity.	This	adds	extra	post-	processing	





like	 the	 19F-	CRP	 is	 their	 strong	 B1	 inhomogeneities,
4,17	
which	 hamper	 T1	 contrast	 and	 signal	 quantification,	 as	
the	 measured	 19F	 signal	 depends	 on	 the	 number	 of	 19F	
atoms	 per	 pixel,	 their	 distance	 from	 the	 probe	 surface,	
and	 relaxation	 times.	 Inhomogeneities	 in	 the	 excitation	
field	 (B+
1
)	 are	 typically	 corrected	 retrospectively	 using	
signal-	intensity	(SI)	equations	of	corresponding	RF	pulse	
sequences.	This	is	possible	for	gradient-	echo	or	spin-	echo	
techniques,18–	20	 but	 the	 SNR-	efficient	 rapid	 acquisition	




erably	 increasing	 image	 homogeneity	 and	 significantly	
reducing	errors	in	signal	quantification	and	T1	contrast.
23









Here,	 we	 implemented	 and	 validated	 our	 B1	 correc-
tion	approaches23	to	correct	19F-	MR	images	from	a	single-	













2 |  METHODS
2.1 | Magnetic resonance hardware
All	experiments	were	carried	out	on	a	9.4T	small	animal	




Bruker	 BioSpin)17	 for	 mouse	 head	 imaging	 (inner	 di-
ameter	 [ID]	=	20	mm),	composed	of	 two	elements	op-









Conclusion: Our	model- based correction	method	facilitated	19F	signal	quantifi-
cation	in	the	inflamed	mouse	brain	when	using	the	SNR-	boosting	19F-	CRP	tech-
nology,	paving	the	way	for	future	low-	SNR	19F-	MRI	applications	in	vivo.
K E Y W O R D S
19F-	MRI,	B1	correction,	inflammation,	RARE,	transceive	surface	RF	probe
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2.2 | Anatomical and 19F- MRI setup
Given	 the	 lacking	 1H	channel,	an	 imaging	setup	 includ-















back	of	 the	scanner,	was	kept	 in	place	while	 the	animal	
bed	was	inserted	from	the	front.
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2.2.3	 |	 19F-	MRI	setup
Both	 animal	 bed	 and	 dummy	 were	 removed	 and	 the	
1H-	volume	 resonator	 was	 retracted	 toward	 the	 back	 of	
the	scanner.	The	19F-	CRP	was	mounted	as	 instructed	by	
the	vendor.
A	 19F-	NP	 reference	 cap	 (section	 2.3)	 was	 placed	 over	
the	 mouse	 head	 to	 perform	 19F-	CRP	 reference	 power	
	adjustments	 and	 to	 acquire	 images	 for	 quantification	
(Figure	1B).	Afterward,	it	was	removed	to	acquire	in	vivo	
19F	images	(Figure	1C–	E).
2.3 | Sample and animal preparation
Table	1	summarizes	all	MR	measurements,	RF	coils,	and	
samples	used.
Perfluoro-	15-	crown-	5-	ether	 (1200	 mM	 PFCE;	





length	 =	 120	 mm,	 wall	 thickness	 =	 0.8	 mm;	
Fischer	 Scientific,	 Waltham,	 MA,	 USA)	 with	 33.3%	
2,2,2-	trifluorethanol	 (Carl	 Roth	 &	 Co.,	 Karlsruhe,	
Germany;	 f	 ≈	 376.633	 MHz)	 in	 water	 with	 0.08	 mM	
of	 gadolinium	 (Magnevist	 0.5	 mmol/ml;	 BayerVital,	
Leverkusen,	Germany)	yielding	T1	≈	300	ms.
•	 High-	19F	 concentration	 reference	 cap	 (Figure	 1B):	 ho-
mogeneous	mixture	of	60	mM	NPs	in	1	mL	0.75%	aga-















tions	 of	 19F-	NPs	 (10	 µmol	 PFCE	 in	 200	 µL)	 were	 ad-
ministered	daily	from	day	5	following	EAE	induction	
until	the	experiment	end.	Respiration	and	temperature	
were	 monitored	 during	 measurements.	 All	 animal	
experiments	 were	 approved	 by	 the	 Animal	 Welfare	
Department	 of	 the	 LAGeSo	 in	 Berlin	 and	 in	 accor-
dance	with	international	guidelines	(86/609/EEC).
In	 vivo	 19F-	NPs	 T1	 for	 model- based corrections	 was	
calculated	in	n	=	3	EAE	mice	using	a	combination	of	
ketamine-	xylazine	 (initial	 dose	 400	 µL,	 followed	 by	
100–	200	µL	injections	administered	intraperitoneally	
every	 45	 minutes	 until	 the	 end	 of	 the	 MR	 examina-
tion)	 to	 avoid	 confounding	 19F	 signal.	 Ex	 vivo	 T1	 of	
PFCE-	NPs	was	computed	on	n	=	3	ex	vivo	phantoms	
prepared	as	described	subsequently.
In	 vivo	 1H	 and	 19F	 images	 were	 acquired	 on	 another	
n	=	3	EAE	mice	from	which	n	=	2	animals	are	shown.	
These	 were	 anesthetized	 with	 isoflurane	 (2%	 initial	
dose,	0.5%–	1%	maintenance).	1H-	and	19F-	MRI	of	an	ex	























•	 Flip	 angle	 (FA)	 mapping:	 FLASH	 measurements	 with	
TE/TR	=	2.16/3000	ms,	FOV	=	(25	×	25)	mm2,	matrix	=	
96	×	96,	5	slices	(gap/thickness	=	0.5/2	mm),	1	hour	per	
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For	 the	 sensitivity correction method,	 RARE	 images	 of	














































same	 parameters,	 30	 minutes	 per	 orientation)	 and	 phan-
toms	(19F	RARE:	same	parameters,	6	hours	per	orientation;	
1H	FLASH:	same	parameters,	1	hour	per	orientation).
2.5 | Data analysis




1.	 Complex	 averaging	 over	 smaller	 subsets	 of	 the	 total	
number	 of	 repetitions	 to	 mimic	 different	 scan	 times	
followed	 by	 a	 sum-	of-	squares	 (SoS)	 combination	 of	
the	 two	 channels	 (19F-	CRP):
•	 Uniform	 phantom:	 one	 subset	 of	 a	 3-	second	
acquisition.
•	 Ex	 vivo	 phantoms:	 four	 subsets	 corresponding	 to	









•	 Volume	 resonator:	 Rician	 distribution23	 using	 a	
lookup	table	for	n	=	1	channels.30













puting	 echo	 intensities	 in	 multi-	pulse	 MR	 sequences.	
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RARE	scans	with	the	same	MR	parameters	as	above	were	
simulated	 for	 20	 equispaced	 T1	 values	 (150–	2050	 ms)	
and	 32	 excitation	 FAs	 (5°–	160°	 in	 5°	 steps).	 Finally,	 an	


















19F-	CRP	 images	 was	 corrected	 using	 the	 sen-
sitivity	 (uniform	 phantom)	 and	 model- based	 (reference	











2.6 | Monte Carlo SNR simulations to 





Step 1.	 Monte	 Carlo	 SNR	 simulations34,35	 (1000	 itera-
tions)	 were	 performed	 using	 measured	 (T1	 values)	 and	
synthetic	data	(SI	computed	using	the	simulated	RARE	
SI	model).	Simulation	parameters	(Table	2)	were	defined	





region	 of	 the	 FA,	B−
1




fixed	 for	 a	 90°	 excitation	 and	B−
1
	 =	 1	 using	 a	 “reverse	










performed	 as	 described,	 followed	 by	 a	 model- based correc-









19F	 image,	 measured	 data	 (FA,	B−
1
,	 and	 SNR	 maps,	T1	
value)	were	fed	to	the	corresponding	Monte	Carlo	un-
certainty	 model.	 The	 uncertainties	 were	 interpolated	
pixel-	wise	 using	 a	 simple	 linear	 regression	 after	 loga-
rithmically	transforming	the	SNR	and	uncertainty	data	
and	eliminating	SNR	values	<	1.






We	 quantified	 the	 improvement	 in	 image	 homogeneity	 by	
plotting	normalized	vertical	SI	profiles	of	original,	corrected,	
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2.7.2	 |	 Image	homogeneity	assessment





Ten	 ROIs	 were	 placed	 at	 pseudo-	randomized	 positions	
(Figure	5B)	on	original,	corrected,	and	reference	images.	





A	 value	 was	 calculated	 for	 the	 original	 image	 and	
the	three	corrections	summing	over	an	increasing	num-






Normality	 was	 assessed	 using	 the	 D’Agostino-	Pearson	
test.	Because	none	of	the	MAPEs	on	original	or	corrected	
data	 conformed	 to	 a	 Gaussian	 distribution,	 a	 Friedman	
non-	parametric	 one-	way	 repeated-	measures	 ANOVA	
test	was	used	followed	by	Dunn’s	post-	hoc	test,	in	which	
all	 corrections	 were	 compared	 to	 original	 data	 (p-	values	
<	0.001	were	considered	significant).	The	statistical	anal-
ysis	 was	 performed	 using	 GraphPad Prism 5	 (GraphPad	
Software,	La	Jolla,	CA,	USA).
3 |  RESULTS
3.1 | 19F- CRP B1- field characterization 
and RARE SI model
The	 sensitivity	 maps	 (Figure	 3A,D)	 and	 the	 FA	 maps	
(relative	 to	 an	 excitation	 FA	 =	 90°,	 Figure	 3B,E)	 of	 the	









T A B L E  2  Summary	of	simulation	parameters	for	Monte	Carlo	SNR	simulations




Ground-	truth	SI	sample 1 –	 1
Ground-	truth	SI	reference	cap 1 –	 1
Ground-	truth	concentration	reference	cap 1 –	 1
Sample data









T1	values 936	ms,	818	ms,	1869	ms –	 3
Reference cap data




SNR	value	(fixed	at	90°	excitation) 500 –	 1
T1	values 936	ms –	 1
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The	B+
1
	 inhomogeneity	 is	 clearly	 depicted	 in	 Figure	 3C	
(axial)	and	Figure	3F	(sagittal),	which	show	the	normalized	
central	 vertical	 profile	 lines.	 The	 maximum	 distance	 until	
which	there	is	signal	above	the	detection	threshold	(SNR	>	3.5)	
is,	in	this	case,	approximately	14.6	mm	from	the	CRP	surface.






factor	 (Supporting	 Information).	Therefore,	 we	 only	 used	
the	sensitivity	and	model- based correction	moving	forward.
3.2 | T1 relaxation times (reference, ex 
vivo, in vivo) of PFCE- loaded NPs
Calculated	T1	values	 for	PFCE-	NPs	 in	agarose	 (reference	





ex	 vivo	 compared	 to	 the	 reference	 caps,	 and	 an	 increase	
of	nearly	1	second	in	T1	in	vivo	measurements.	Exemplary	
spectra	are	shown	in	Supporting	Information	Figure	S1.
3.3 | Monte Carlo SNR simulations to 











0.8)	 were	 used.	 The	 level	 of	 uncertainty	 increases	 with	
decreasing	 FAs	 and	B−
1
.	 This	 trend	 is	 more	 pronounced	
for	regions	farther	away	from	the	RF	probe	surface.	The	
contour	 lines	 represent	 SNR	 values.	 The	 green	 and	 red	
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isolines	depict	the	border	of	the	regions	where	uncertainty	
≤	10%	and	≤25%,	respectively.	These	borders	occur	at	SNR	




We	 studied	 the	 linear	 dependence	 of	 the	 SD	 of	 both	




method	 (Figure	 4D,	 linear	 fit,	 dashed	 orange	 line).	 The	
corrected	SI	of	the	sample	(blue	dots)	demonstrated	a	lin-
ear	 trend	 throughout	 the	 SNR	 range.	The	 concentration	
SD	 (green	 boxes)	 was	 linearly	 dependent	 on	 the	 sample	
SNR	until	an	SNR	≈	160	(SD	=	7	×	10−3),	after	which	it	














propagated	 such	 that	 the	 variability	 of	 the	 corrected	 SI	
(i.e.,	its	SD)	increased	with	decreasing	SNR.
3.4 | Uniform phantom MR 
measurements
3.4.1	 |	 Corrected	images
B1	 correction	 performance	 was	 assessed	 in	 a	 low-	SNR	
scenario	 at	 regions	 far	 from	 the	 probe	 surface	 using	 a	
low-	concentration	uniform	phantom	and	a	short	acquisi-
tion.	The	SNR	map	 is	 shown	 in	Figure	5A.	The	original	











with	 the	 reference	RF	coil	 (green	area)	up	 to	a	distance	




The	 calculated	 PIU	 in	 the	 reference	 image	 was	 91.4%	
within	the	largest	ROI	(distance	from	CRP	surface	=	7.8	
mm),	 indicating	 no	 substantial	 inhomogeneities	 across	








According	 to	 our	 MAPE	 classification,	 only	 the	 model- 




2.1–	6.3	 mm),	 the	 model- based correction	 performed	 best	
(7.7	±	4.7%),	followed	by	the	sensitivity correction,	which	
yielded	good	results	(12.2	±	8.2%).	Both	corrections	pro-
vided	 equally	 good	 results	 (model- based	 16.2	 ±	 16.5%,	
sensitivity	19.7	±	16.6%)	up	to	the	eighth	ROI	(distance	=	
2.1–	6.5	 mm),	 in	 contrast	 to	 uncorrected	 images	 (89.9	 ±	
95.6%).	 When	 considering	 all	 ROIs	 (distance	 =	 2.1–	7.6	
mm),	 only	 the	 model- based correction	 (19.7	 ±	 18.9%)	
yielded	 good	 results.	 In	 this	 case,	 the	 sensitivity correc-
tion	provided	unacceptable	results	(35.5	±	33.3%),	but	was	
still	 lower	 than	 the	MAPE	of	uncorrected	 images	 (105.8	
±	125.9%).	Figure	5G	also	shows	similarities	between	the	
proposed	 ranges	 using	 simulations	 (uncertainty	 ≤	 10%	
when	SNR	≥	10.1	and	uncertainty	≤	25%	when	SNR	≥	4.25)	
and	experimental	results.
The	 model- based correction	 performed	 best	 overall,	
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volume	resonator	(Figure	6A)	and	original	19F-	CRP	images	
(Figure	 6B).	 Qualitative	 comparison	 of	 the	 reference	 im-
ages	after	3	hours	and	original	CRP	images	after	15	minutes	






Assessment	 of	 the	 19F	 concentration	 shown	 by	
original	 CRP	 images	 and	 corresponding	 model- based 
B1- corrected	 images	 (Figure	 6D)	 demonstrated	 that	 cor-
rection	 considerably	 improved	 the	 concentration	 esti-
mation,	compared	with	reference	images	(ground	truth).	
The	 SNR	 maps	 from	 original	 CRP	 images	 showed	 the	
expected	 increase	 of	 SNR	 with	 scan	 time	 (Figure	 6C),	
translating	to	fewer	uncertainties	in	concentration	(Figure	
6E).	Overall,	the	uncertainty	maps	indicated	the	reliabil-








The	 first	 animal	 shown	 (Figure	 7)	 exhibited	 severe	
clinical	 symptoms	 (score	 =	 2.5),	 whereas	 the	 second	





Concentration	 maps	 of	 uncorrected	 images	 of	
mouse	 1	 (Figure	 7A)	 showed	 an	 overestimation	 of	 19F	
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Following	the	model- based B1 correction,	concentration	
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4 |  DISCUSSION
The	 potential	 of	 19F-	MR	 has	 long	 been	 recognized.1,40,41	








and	 SNR-	efficient	 RARE	 imaging,23	 to	 enable	 19F	 signal	






















several	 samples	 with	 different	T1	 to	 compute	 the	 RARE	
SI	model.23	This	also	improved	the	accuracy	of	the	model	
by	 essentially	 eliminating	 possible	 imprecisions	 intro-
duced	by	measurements,	especially	at	low	FAs	where	SIs	
corresponding	to	different	T1s	are	closer	to	each	other.	We	
found	 using	 EPG	 simulations	 that	 the	 hybrid	 and	 sensi-
tivity methods	 yielded	 the	 same	results,	up	 to	a	constant	
factor.	Imperfections	originating	from	a	measured	model	
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instead	of	EPG	simulations	disturb	the	symmetry	underly-
ing	this	degeneracy,	leading	to	slight	differences	between	




















higher	 than	 those	 achieved	 with	 the	 sensitivity method.	






PFCE-	NPs	 (maximum	 19F	 concentration	 2	 mM,	 SNR	 be-
tween	50	and	0	in	all	cases).	Because	in	transceive	surface	













F I G U R E  8  In	vivo	EAE	mouse	2	(score	=	1.5)	in	sagittal	orientation.	(A)	Concentration	maps	of	original	images	present	signals	in	the	
meninges	as	well	as	in	deeper	regions	of	the	brain,	indicating	increased	inflammatory	cell	accumulation.	(B)	The	SNR	maps	show	high	SNR	
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To	 examine	 the	 accuracy	 of	 B1-	corrected	 ex	 vivo	 con-
centration	 maps,	 these	 were	 compared	 to	 those	 obtained	
with	a	volume	resonator.	Despite	the	best	efforts	to	select	
an	identical	anatomical	position	with	both	volume	resona-
tors,	 minor	 differences	 in	 1H	 might	 cause	 slight	 changes	












certain	region.52,53	A	subsequent	model- based B1 correction	
could	be	of	value	to	increase	the	B1-	corrected	area.
To	conclude,	we	demonstrated	a	workflow	that	allows	
19F	signal	quantification	using	a	model- based B1 correction 
method	 together	 with	 a	 single-	tuned	 transceive	 surface	
RF	probe	and	RARE.	We	also	highlight	several	issues	that	
should	 be	 considered	 when	 performing	 similar	 studies.	
This	 approach	 remarkably	 improved	 concentration	 er-
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Additional	 supporting	 information	 may	 be	 found	 in	 the	
online	version	of	the	article	at	the	publisher’s	website.
FIGURE S1	 Exemplary	 spectra	 used	 for	 T1	 calculation	




administered	 19F-	loaded	 NPs	 (PRESS).	 Measurements	
were	performed	using	a	1H/19F	volume	resonator.	Selected	
TR	=	10000	ms
FIGURE S2	 Ex	 vivo	 phantom	 (score=2.0)	 in	 axial	 ori-







images	 show	concentration	values	closer	 to	 the	 reference	
obtained	with	the	volume	resonator	(D).	Uncertainty	maps	
(E)	 reveal	 the	 reliability	 of	 the	 B1-	corrected	 concentra-
tion	maps,	with	most	pixels	indicating	green	(uncertainty	
≤	10%)	and	orange	(10%	<	uncertainty	≤	25%)	values
FIGURE S3	 In	vivo	EAE	mouse	1	(score	=	2.5)	 in	axial	
orientation.	 Concentration	 maps	 of	 original	 images	 (A)	
show	 an	 initial	 overestimation	 of	 the	 19F	 concentration	
in	 regions	close	 to	 the	RF	probe	 surface	 (e.g.	meninges)	
which	 partly	 correspond	 with	 regions	 with	 high	 SNR	





FIGURE S4	 In	vivo	EAE	mouse	2	(score	=	1.5)	 in	axial	
orientation.	 (A)	 Concentration	 maps	 of	 original	 images	




distant	 to	 the	 RF	 probe.	 After	 applying	 the	 model- based 
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